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with  the  lattice  match  model  between  antifreeze  and  ice  for  hydrogen  bonding  to  take  place.  The 
alignment  direction  of  the  large  AFGPs  1-5  is  also  along  a-axes  but  with  more  complexity.  The 
large  AFGPs  1-5  are  more  potent  antifreeze  than  the  small  AFGPs,  i.e.  the  activity  in  terms  of  the 
amount  of  non-colligative  freezing  point  depression  or  thermal  hysteresis,  is  larger.  This  is  also 
manifested  in  their  differential  inhibitory  effect  on  ice  growth  at  temperatures  within  the  thermal 
hysteresis  gap  (~  0  °C  to  -rc  for  pure  AFGP  solutions)  at  the  same  concentrations  (w/v).  In  the 
presence  of  sub-physiological  concentrations  (5  mg^ml)  of  the  small  AFGPs  7-8,  a  single  ice  crystal 
can  undergo  limited  ice  growth  within  the  hysteresis  gap  until  the  ice  crystal  reaches  the  shape  of 
a  hexagonal  bipyramid.  This  indicates  that  growth  along  both  the  a-axes  and  the  c-axis  is  not 
completely  stopped  by  the  small  AFGPs  at  this  concentration.  In  the  presence  of  the  large  AFGPs 
1-5,  there  is  no  hexagonal  bipyramidal  growth,  but  hexagonal  pits  (Fig.  2)  appear  on  the  basal  plane 
indicating  presence  of  some  amoimt  of  basal  plane  growth,  i.e.  growth  along  c-axis,  but  a-axes 
growth  is  completely  stopped.  The  basal  plane  growth  completely  halts  when  the  basal  plane 
becomes  fully  pitted. 


Fig.  2  Light  microscope  images.  (A)  Single  hexagonal  ice  crystal  showing  basal  plane,  and  C-axis 
is  perpendicular  to  the  paper.  (B)  Hexagonal  pits  form  on  basal  plane  of  (A)  held  at  -D.5°C  in  the 
presence  of  AFGPs  1-5.  Steps  are  visible  on  the  pit  faces.  (C)  A  single  pit  with  focus  at  the  top  of 
the  pit.  Pit  width  from  vertex  to  opposite  vertex  is  about  80  uM,  and  depth  is  about  40  uM.  (D)  Same 
pit  in  (C)  with  focus  at  the  bottom  of  the  pit  and  showing  growth  steps  on  pit  faces. 
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The  appearance  of  complex  growth  steps  on  the  pit  faces  suggests  that  there  are  particular 
ice  crystallographic  orientations  where  the  large  AFGPs  bind  to.  To  investigate  the  distribution  of 
the  AFGP  molecules  in  the  pit,  as  well  as  more  detailed  3-dimensional  structural  information  of  the 
pits,  we  conducted  imaging  studies  using  fluorescently  labeled  AFGPs  1-5  and  two-photon 
fluorescence  microscopy.  AFGPs  1-5  were  reacted  with  fluorescamine  at  room  temperature,  which 
labeled  the  alpha-amino  group  at  the  N-terminus,  and  purified  from  excess  fluorescamine  by 
Sephadex  G-25  column  chromatography.  The  two-photon  microscopy  set  up  is  shown  in  Figure  3. 


IMAGING  Bright  Light  C-axiS 


Fig.  3  Schematics  of  bright-light  and  two-photon  microscopic  imaging  of  AFGP  1-5  solution  on 
single  ice  crystal. 

For  bright  field  light  microscopy,  light  source  is  white  light  with  no  polarizers,  and  image 
capture  was  carried  out  with  a  CCD  camera  interfaced  with  the  computer.  For  two-photon 
fluorescence  measurements,  a  femto-second  pulse  laser  provides  pulse  light  of  wavelength  750  nM, 
which  is  twice  the  maximum  excitation  wavelength  of  the  conjugated  fluorescamine.  A  piezoelectric 
motor  was  used  for  z-direction  movement  of  the  lens  to  obtain  a  series  of  images  of  the  pits  for  3- 
dimensional  reconstruction.  Fluorescence  was  measured  with  or  without  the  polarizers  in  the  light 
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path.  Measurements  without  polarizers  measure  total  emission  from  both  bound  or  unbound  AFGPs. 
Measurements  with  polarizers  remove  random  emission  of  unbound  AFGPs,  and  the  polarization 
image  represents  fluorescence  of  adsorb  AFGP  molecules  on  ice  along  a  specific  directions.  The 
polarized  light  intensity  of  the  image  is  calculated  with  the  equation: 


P  =  (I,-l2)/(I,  +  l2) 

where  (b)  and  (I2)  are  light  intensities  measured  when  the  polarizers  are  parallel  or  perpendicular 
to  each  other.  Three-dimensional  structure  of  the  pits  was  reconstructed  using  the  software 
Spyglass.  Figure  4  shows  several  of  the  images  of  pit  cross  sections  serially  obtained  at  5  uM 


Fig.  4  Cross-sectional  fluorescence  images  of  a  hexagonal  pit  separated.  The  numbers  indicate 
distance  from  bottom  of  pit  in  uM.  Image  intensity  has  been  normalized  to  a  standard.  Black  is 
unpitted  ice.  Blue  to  red  represents  increasing  concentration  of  AFGPs. 


The  AFGP  molecules  appear  to  be  highly  concentratecPbound  at  the  comers  of  the  pit  and 
to  some  extent  on  the  pit  faces.  The  high  concentration  in  the  center  of  the  pit  for  sections  up  to  60 
uM  from  the  bottom  may  represent  a  pool  of  AFGP  solution  in  the  pit  cavity  rather  than  specific 
binding.  To  ascertain  this,  vertical  3-dimensional  stmcture  of  the  pit  was  constmcted,  and  shown 
in  Figure  5. 
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Fig.  5  Computer  generated  reconstruction  of  three-dimensional  structure  of  a  pit  from  from  images  of  cross  and 
longitudinal  sections. 


The  3-D  structure  of  a  “fully-grown”  pit  shows  that  it  has  the  dimension  of  about  80  uM  deep 
by  40  uM  across  two  opposite  vertices  at  the  top.  The  angle  made  by  two  opposing  pit  faces  (panels 
1, 2  and  3)  was  calculated  to  be  42±2°  The  longitudinal  section  of  the  pit  (panel  3)  shows  that  the 
AFGP  fluorescence  is  consistently  high  down  the  whole  length  of  the  pit  faces,  in  keeping  with 
AFGP  fluorescence  at  the  comers  and  along  the  hexagonal  perimeter  (panel  6),  and  indicating  AFGP 
binding  at  sites.  The  presence  of  high  fluorescence  intensity  in  the  bottom  half  of  the  pit  cavity  and 
the  absence  of  it  on  the  top  half  may  be  due  to  the  limited  surface  area  for  AFGP  adsorption  at  the 
narrow  pit  bottom  leaving  more  AFGPs  in  the  bulk  solution,  and  vice  versa  at  the  top. 

To  determine  if  the  adsorbed  AFGP  molecules  are  all  aligned  in  a  specific  direction, 
fluorescent  polarization  image  of  pits  were  obtained,  and  shown  in  Figure  6.  The  polarized 
fluorescence  measurements  from  the  pits  (panel  3)  remove  the  random  emission  of  unbound  AFGPs 
in  bulk  solution  (panels  1  and  2).  The  polarized  intensity  is  much  reduced  but  is  clearly  present, 
indicating  that  AFGPs  are  adsorbed  at  the  ice-water  interface  and  possibly  aligned  along  a  given 
direction.  However,  the  resolution  of  the  images  is  not  high  enough  for  definitive  determination  of 
the  alignment. 
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Fig.  6  Images  of  pits  taken  with  the  two  polarizers  parallel  (1)  and  perpendicular  (2)  to  each  other. 
The  polarization  image  intensity  (3)  was  calculated  by  the  equation:  P  =  (Ii  -  h  )/(Ii  +  la)- 

Fish  antifreezes  except  the  small  AFGPs  7-8  cause  pitting  of  the  basal  plane  of  single  crystal 
ice  at  temperatures  within  the  hysteresis  gap.  The  expression  of  the  pit  faces  and  the  steps  within 
suggested  that  the  antifreeze  molecules  adsorbed  to  those  faces  and  retard  their  growth,  thus  leading 
to  their  expression.  Using  fluorescently  labeled  large  AFGPs  1-5,  the  above  series  of  studies 
experimentally  demonstrated  adsorption  of  the  antifreeze  molecule  to  the  ice  surface  of  the  pits. 
It  is  not  known  what  is  the  origin  of  the  pit  development,  presumably  it  begins  with  AFGP 
adsorption  to  dislocations  in  the  ice  crystal  lattice.  Parallel  situations  likely  exist  for  the  other 
antifreezes.  The  general  conclusion  is  thus,  within  the  hysteresis  gap,  antifreezes  (except  AFGPs 
7-8)  inhibit  prism  plane  growth  but  allow  limited  growth  on  the  basal  plane  resulting  in  pit 
formation  as  layers  of  C-axis  growth  occur,  and  when  basal  plane  becomes  fully  pitted,  ice  growth 
completely  stops. 

A  NOVEL  ANTIFREEZE  POTENTIATING  PROTEIN  -  AFPP 

In  our  attempt  to  isolate  a  putative  novel  antifreeze  reported  in  the  literature  from  the  Antarctic 
silverfish,  Pleurogramma  antarcticum,  we  found  instead  a  second  ice-active  protein  that  potentiates 
the  activity  of  AFGPs,  the  primary  antifreeze  component  in  the  notothenioid  fishes.  AFPP  was 
purified  from  the  AFGPs  in  the  serum  by  precipitation  with  40%  ammonium  sulfate  (AFGP  stays 
in  the  supernatant),  following  by  Sephadex  column  chromatography  which  fractionates  AFPP  from 
other  serum  proteins.  AFPP  occurs  at  much  lower  physiological  concentration  than  AFGPs,  and  by 
itself  produces  very  small  amount  of  hysteresis,  but  augments  the  activity  of  AFGPl-5  (the  large 


isoforms)  substantially  above  additive  levels.  Pure  AFPP  or  AFGPl-5  at  1  mg/ml  alone  has  0.2°C 
of  thermal  hysteresis,  but  when  combined,  the  two  proteins  produce  a  total  activity  of  1.1  “C  to  1.4°C. 
For  this  reason,  the  novel  protein  is  named  antifreeze  potentiator  protein.  The  amount  of  activity 
enhancement  is  inversely  proportional  to  the  size  of  the  test  ice  crystal;  the  smaller  the  seed  ice,  the 
greater  the  total  hysteresis.  Interestingly  AFPP  does  not  appear  to  enhance  the  activity  of  the  smaller 
isoforms,  AFGP6,  7  and  8.  We  have  purified  and  partially  characterized  AFPP  from  P. 
borchgrevinki.  It  is  a  relatively  small  peptide  of  15,489  Da,  and  we  have  obtained  its  partial 
sequence: 

NH2-AGTENSAGPQVAFSAGLSDAG - -R/KLLFPVSAGQDK - R/KFNMW-COOH 

It  is  interesting  that  the  are  four  repeats  of  the  dipeptide,  Ala-Gly  (red),  in  the  first  20  residues  alone, 
and  appears  again  in  one  of  the  tryptic  fragments.  The  amino  acid  composition  shows  that  there  are 
equal  numbers  of  Ala  and  Gly  in  the  protein,  suggesting  that  this  may  be  a  repetitive  motif  the 
protein.  Ala  and  Gly  have  helix  making  potential,  and  thus  if  this  dipeptide  is  repeated,  the  protein 
may  have  helical  structure,  or  contains  a  helical  domain.  Preliminary  circular  dichroism  appears 
to  indicate  the  presence  of  some  percentage  of  helical  secondary  structure. 

The  ability  of  the  potentiator  protein  to  augment  antifreeze  activity  of  the  AFGPs  by 
conferring  the  property  of  ice  crystal  size  dependency  suggest  possibilities  of  greater  function  in  this 
two  protein  system,  that  may  be  exploited  for  application.  Preliminaiy  results  from  single  ice  crystal 
hemisphere  grown  from  AFPP  followed  by  etching  suggest  that  AFPP  may  be  adsorbing  to  the  basal 
plane.  While  different  fish  antifreezes  preferentially  adsorb  to  different  ice  crystallographic  planes, 
none  has  been  found  to  adsorb  on  the  basal  plane,  thus  permitting  limited  C-axis  growth  within  the 
hysteresis  gap  demonstrated  in  the  prior  section.  The  synergistic  effect  on  antifreeze  activity  in  the 
presence  of  both  AFPP  and  AFGP  may  be  related  to  the  basal  plane  adsorption  of  AFPP,  resulting 
in  complete  inhibition  of  both  a-axes  and  C-axis  growth  in  this  two  protein  system. 

A  PUTATIVE  NEW  TYPE  OF  ANTIFREEZE  PEPTIDE  FROM  AN  ARCTIC  LIP  ARID 
FISH 


We  have  isolated  antifreeze  peptides  (AFP)  from  an  Arctic  liparid  fish,  Liparis  liparis, 
which  may  prove  to  be  a  new  type  of  AFP.  AFPs  were  purified  from  fish  serum  by  Sephadex  G75 
size  fractionation  column  chromatography  followed  by  RP-HPLC  (Reverse  Phase  High  Pressure 
Liquid  Chromatography).  RP-HPLC  shows  that  there  are  3  prominent  AFP  variants,  LST-C,  LST-D, 
and  LST-E.  The  major  variant,  LST-C,  was  being  characterized.  N-terminal  sequencing  produced 
69  residues.  MS-MS  (quadrupole  Mass  spectrometry)  sequencing  of  LST-C  tryptic  and  Asp-N 
fragments  were  carried  out  to  determine  the  C-terminus  sequence.  The  alignment  of  the  tiyptic  and 
Asp-N  fragments  with  the  sequence  from  N-terminal  sequencing  of  native  LST-C  is  given  below: 

T1  T2  T3  T4 

I — II - II  ^1  I 

1  10  20  30  40  50  60 

ATPAQRAAATAADATAKAANIAAKVSESAAATARAVGAVATNAGAISADTDAIAANAAIAAAANTAAG  •  ■  DAAAEANSAPRW 
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The  high  Ala  content  (53%)  of  LST-C  suggests  that  it  might  have  substantial  helical 
structure,  and  indeed  circular  dichroism  data  showed  it  to  be  so.  The  calculated  helical  content  is 
about  35%  to  50%  helix  when  measured  at  -0.5°C  and  a  concentration  of  100  fiM. 

Characterizing  the  structures  of  newly  found  antifreezes,  whether  the  antifreeze  resembles 
a  known  type  or  is  a  novel  type  in  itself,  is  useful  in  the  study  of  structure-function  relationship  of 
antifreeze  proteins  in  that  the  additional  structural  information  may  either  confirm  existing  theories 
or  data,  or  provide  alternate  possibilities  as  to  how  antifreeze  proteins  interact  with  ice  to  produce 
the  observed  function.  The  current  results  of  liparid  AFP  LST-C  shows  that,  like  type  I  AFP  of  flat 
fishes  it  is  rich  in  Ala  and  alpha-helical  in  secondary  structure.  But  unlike  type  I  AFP,  it  is  twice  as 
large,  7.5  kDa  versus  the  3.5-4.5  kDa  of  known  type  I  AFPs,  and  that  it  does  not  have  the 
characteristic  1 1-residue  repeats  (Ala8-aa2-Thr)  which  are  found  to  be  important  in  forming  a  stable 
alpha-helix  and  placing  the  Thr  in  almost  colinearily  for  binding  to  ice.  Ultimately  determining  the 
LST-C’s  3-D  structure  and  how  it  interacts  with  ice  will  further  our  understanding  of  the  helical 
AFPs  in  general. 


THREE-DIMENSIONAL  STRUCTURES  OF  TYPE  HI  AFPS 

Type  III  AFPs  from  the  related  Antarctic  eel  pouts  and  Atlantic  ocean  pouts  are  small 

globular  proteins  of  about  7  kDa,  unbiased  in  amino  acid  composition  and  without  repeat  sequence 

motifs.  Thus  the  lattice  match  model  of  ice-binding,  i.e.  alignment  of  regularly  spaced  putative  ice 

binding  moieties  in  the  protein  and  periodic  water  molecules  in  the  ice  lattice,  does  not  appear  to 

apply.  To  understand  how  type  in  AFP  binds  to  ice,  we  have  obtained  the  3-D  structure  of  the  major 

type  III  AFP,  ABl  (7  kDa),  from  the  Antarctic  eel  pout  Austrolycicthys  {Pachycam) 

brachycephalum  by  2-dimensional  Nuclear  Magnetic  Resonance  Spectroscopy,  as  well  as  3-D 

structures  of  several  naturally-occurring  type  III  AFP  variants  from  a  closely  related  Antarctic  eel 

pout,  Lycodicthys  dearborni,  for  comparison.  The  rationale  is  that  these  closely  related  AFP  variants 

(differ  by  2-  8  residues)  represent  a  set  of  natural  “mutants”  which  have  been  evolved  and  refined 

in  nature  to  perform  the  same  function,  and  thus  comparative  examination  of  their  structures  may 

shed  light  on  the  common  structural  elements  that  confer  the  function.  Lycodicthys  dearborni  has 

3  major  AFPs,  two  of  them,  LDl  and  LD2  are  like  ABl  in  sequence  and  size  (7  kDa),  and  the  third, 

LD3,  is  14  kDa  and  comprised  of  two  7  kDa  AFP  domains  of  similar  sequence  to  the  7  kDa  variants 

linked  by  a  9-residue  unique  sequence.  Th  sequences  of  these  AFPs  and  the  AFP  from  the  related 

Atlantic  ocean  pout  (OP)  are; 

*  *  * 

ABl  TKSVVASQLIPINTALTPAMMKAKEVSPKGIPAEEMSKIVGMQVNRAVNLDETLMPDMVKTYQ 
LDl  NKASWANQLIPINTALTLIMMKAEWTPMGIPAEEIPKLVGMQVNRAVPLGTTLMPDMVKNYE 
LD2  NKASWANOLIPINTALTLIMMKAEVVTPiyiGIPAEDIPRIIGMQVNRAVPLGTTLMPDMVKNYE 

LD3  NKASWANQLIPINTALTLIMHKAEVVTPMGIPAEEIPNLVGMQVNRAVPLGTTLMPDMVKNYE-  DGTTSPGLK- 
SVVANQLIPINTALTLVMMKAEEVSPKGIPSEEISKLVGMQVNRAVYLDQTLMPDMVKNYE 
OP  SQSVVATQLIPMNTALTPAMMEGKVTNPIGIPFAEMSQLVGKQVNTPVAKGTLMPNMVKTYAA 
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The  x-ray  crystallography  studies  are  carried  out  in  collaboration  with  Dr.  Andrew  Wang  and 
Dr.  Howard  Robinson  in  the  Dept,  of  Cellular  and  Structural  Biology  at  the  University  of  Illinois. 
All  three  AFPs  of  L.  dearborni,  LDl,  LD2  and  LD3  formed  crystals  readily  in  30%  PEG-4000  and 
0.2M  ammonium  sulfate.  Large  crystals  were  then  grown  in  larger  dips  and  crystals  ranging  in  size 
from  0.5  to  1  mm  were  obtained. 

Crystals  of  all  three  AFPs  were  mounted  and  room  temperature  diffraction  data  were 
collected  to  about  1.5A.  The  crystals  were  also  mounted  at  -150°C  and  diffraction  data  were 
collected  to  1 .2A.  The  crystal  phasing  was  solved  by  isomorphous  molecular  replacement  from  the 
NMR  coordinates  of  ABl.  The  LDl  model  was  then  refined  against  the  observed  data  to  a  R-Factor 
of  17.5%  with  only  isotropic  atomic  B-factor  refinement.  The  average  atomic  B-factor  for  the  LDl 
protein  model  is  7.5  for  the  data  set  collected  at  -150°C,  The  model  for  RD2  has  been  refined  to  a 
R-factor  of  19.8%  with  two  conformations  for  Met30,  Met43  and  Leu55.  The  LD2  model  also 
includes  one  TRIS  buffer  cation  and  139  water  molecules  and  the  average  atomic  B-factor  for  the 
protein  atoms  is  12.7  for  the  data  set  collected  at  -150°C. 

The  refinement  of  the  two-AFP-domain  LD3  is  more  complex  in  that  in  the  two,  some  type 
of  disorder  exists  in  the  crystal.  The  sequences  of  the  two  AFP  domains  of  LD3  are  very  similar. 
For  the  LD3  crystal,  the  data  show  that  the  unit  cell  is  nearly  identical  to  LDl  or  LD2.  Thus,  the 
data  are  consistent  with  both  domains  occupying  the  same  space  half  of  the  time  due  to  disorder  in 
the  crystal.  The  data  have  been  refined  consistent  with  this  disorder.  We  are  now  currently 
investigating  methodologies  for  decomposing  this  data  such  that  a  single  complete  model  can  be 
produced  which  will  be  consistent  with  the  observed  data. 

The  stereogram  below  (Fig.  7)  shows  the  refined  LDl  model.  The  electron  density  map  is 
of  the  conserved  surface  amino  acids  from  the  face  labeled  I  in  the  stereogram.  A  space  filled  3-D 
structure  of  LDl  is  shown  (Fig.  8)  with  the  face  I  showing  residues  (red)  that  may  be  involved  in  ice¬ 
binding. 


Fig.  7  Stereogram  of  7  kDa  type  III  AFP,  LDl ,  from  an  Antarctic  eel  pout. 

Qualitatively,  the  overall  shape  of  the  7  kDa  type  III  AFPs  are  rather  cubic  with  one  comer 
“sliced  off’.  In  other  words,  it  has  several  rather  flat  surfaces  that  may  act  as  the  binding  surface 
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to  ice.  The  face  I  contains  surface  amino  acids  that  are  conserved  in  the  four  AFPs  under  study  here 
as  well  as  in  the  type  III  AFP  of  the  related  north  Atlantic  ocean  pout. 


Fig.  8  Space-filled  3-D  structure  of  type  III  AFP,  LDl,  from  an  Antarctic  eel  pout  shovdng  the 
putative  ice-binding  face  (I)  and  the  putative  ice-binding  residues  (red). 

It  has  been  suggested  that  for  the  ocean  pout  AFP  (OP- AFP),  3  polar  residues,  Asnl3,  Thrl7 
and  Gln43  may  be  important  in  conferring  antifreeze  activity  through  site  directed  mutagenesis. 
These  3  residues  are  conserved  in  ABl,  LDl,  LD2  and  in  each  of  the  two  AFP  domains  of  the  14 
LD3  (marked  with  *  in  the  sequences  above),  and  occur  in  face  I.  Molecular  modeling  of  these  AFP 
on  ice  crystal  shows  that  this  face  and  the  three  conserved  residues  could  dock  on  the  inner  comer 
between  the  prism  face  and  basal  plane  of  the  ice  lattice.  However,  currently,  there  are  no 
unequivocal  evidence  for  a  specific  ice  crystallographic  site  where  type  in  AFPs  bind  to.  The  single 
ice  crystal  etching  experiments  in  collaboration  with  Dr.  Charles  Knight  at  National  Center  of 
Atmospheric  Studies,  which  thus  far  comprised  the  only  approach  for  determining  the 
crystallographic  orientation  of  antifreeze  protein  adsorption,  have  produced  very  complex  type  III 
AFP  etch  patterns  in  single  crystal  ice  that  are  difficult  to  interpret.  The  adsorption  appeared  to  be 
on  the  prism  face  of  ice  crystal  but  also  included  a  spread  of  interfacial  orientations.  In  addition 
there  are  differences  between  the  etch  pattern  of  ABI  versus  that  of  LDl  even  though  the  two  are 
80%  identical  in  sequence.  However,  the  etch  pattern  between  LDl  (single  AFP  domain)  and  LD3 
(two  AFP  domains)  are  very  similar. 
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Of  the  four  known  types  of  antifreeze  proteins,  three  of  them,  the  AFGPs,  type  I  AFP  and 
type  III  AFP  are  similar  in  their  potency  in  inhibiting  ice  crystal  growth  at  the  same  concentrations 
(w/v),  while  type  II  AFP  is  much  less  effective.  The  ice  absorption  mechanisms  of  the  helical 
AFGPs  and  type  I  AFP  are  now  fairly  well  understood,  but  not  for  that  of  the  globular  type  HI  AFP. 
Type  III  AFP  however  is  a  good  candidate  for  potential  practical  applications  because  it  can  be 
effectively  produced  by  biotechnological  methods  because  of  its  ideal  size  and  non-biased  amino 
acid  composition  for  bacterial  expression.  Biotechnological  production  of  AFGPs  is  limited  by  lack 
of  current  technology  to  glycosylate  the  peptide  backbone  appropriately,  and  that  of  type  I  AFP  is 
limited  by  its  small  size  which  is  prone  to  bacterial  proteolysis  and  solubility  problems  due  to  its 
high  alanine  content.  Thus  elucidating  the  ice  adsorption  mechanism  of  type  HI  AFP  not  only  adds 
to  fundamental  understanding  of  the  action  of  biological  antifreezes,  it  is  also  pertinent  in  that  it  may 
allow  rationale  designs  be  made  on  a  simple  molecule  that  is  ideal  for  expression  through 
biomolecular  routes. 

However,  the  mechanism  of  ice  adsorption  of  type  in  AFP  proved  to  be  more  complex  than 
the  helical  AFGPs  and  type  I  AFPs.  The  observations  on  the  adsorption  characteristics  of  type  III 
AFP  to  single-crystal  ice  are  extremely  complex,  and  currently  no  conclusive  interpretations  can  be 
made  yet  in  terms  of  the  orientation  of  adsorption  or  alignment  direction  of  the  antifreeze  molecules. 
Several  approaches  are  being  considered  for  resolving  these  complexities.  The  importance  of  face 
I  and  any  other  flat  faces  of  the  AFP  molecules  in  binding  to  ice  will  be  tested  by  systematically 
attaching  large  molecules  (not  by  modifying  the  intrinsic  amino  acid  but  linking  to  non-protein 
organic  molecules).  To  determine  the  ice  crystallography  of  the  adsorption  of  these  AFPs  etching 
experiments  of  single  crystal  ice  hemispheres  grown  from  lower  concentrations  of  AFPs  may  yield 
a  clearer  internal  etching  pattern.  Observations  of  the  morphology  of  the  advancing  growth  surface 
of  single-crystal  ice  grown  from  dilute  antifreeze  solution  will  also  be  made  using  light  microscopy. 
The  crystallographic  morphology  at  a  finer  scale  may  also  shed  light  on  the  adsorption  orientation 
of  the  type  III  AFPs,  like  the  case  of  the  AFGPs  we  previously  determined. 
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